Introduction
The eucalyptus genus has been one of the forest resources most used industrially around the world. In Turkey, it is represented by two species: Eucalyptus camaldulensis Dehn (EC) and Eucalyptus grandis W.Hill ex Maiden (EG). The harvested wood is used for purposes such as domestic consumption, charcoal production, building construction, and cellulose pulp. The first eucalyptus plantations were established with EC in Tarsus-Karabucak in 1939 (Gürses, 1990) . There have been eucalyptus plantations of greater than 10,000 ha in size in only the Eastern Mediterranean Region of Turkey (Özkurt, 2000) . Although the eucalyptus plantations have high potential commercial value and can make an important contribution to the forest products industry of Turkey, there is little reference information regarding growth, yield, and management of eucalyptus plantations (Birler et al., 1995; Özkurt, 2000; Yıldızbakan et al., 2007) . Estimating individual tree volume is one of several necessary components for forest growth and yield modeling. In this concept, standard volume equations have been published for EG (Özkurt, 2000) and EC (Yıldızbakan et al., 2007) plantations in the Tarsus district. A site index model along with volume and dry matter weight yield tables has also been developed for EC coppices in the Tarsus district (Yıldızbakan et al., 2007) . However, additional work is needed in this area to refine the volume equations. Schröder et al. (2014) stated that the estimation of volume at harvest in planted forests is the main concern for forest managers as a way to determine economic yield and therefore species choice, silvicultural treatments, and rotation at any given plantation. Among the different ways to estimate tree volume, modeling methods may represent the most accurate and versatile approach. de-Miguel et al. (2012) indicated that when calculating assortment volumes foresters need to predict stem diameter at different heights along the stem. Taper models allow the prediction of stem diameter at any point along the stem, allowing one to calculate the accumulated volume at any height or diameter (Kozak, 2004) . Since rotation in forest plantations for sawn wood production takes decades, any change in market demands related to log sizes during this period would require new estimates in standing volume, which could be met by flexible taper equations (Sharma and Zhang, 2004; Schröder et al., 2014) , in contrast to the need for developing new commercial volume tables.
Two major forms of taper equations have been successfully used in the forestry literature. The first approach includes variable-exponent or variable form taper equations, which describe the profile of the tree stem with varying exponents from the baseline to the top to account for neiloid, paraboloid, and conic forms (Burkhart and Tome, 2012) . This model form has the drawbacks that it cannot be analytically integrated to compute stem and log volume and iterative methods must be used to estimate merchantable heights at specified stem diameters. The second major form includes segmented polynomial taper equations that describe the taper of different tree sections using different equation forms. This approach can be directly integrated to calculate volume and can be rearranged algebraically to directly estimate heights for specified stem diameters (Kalıpsız, 1984; Kozak and Smith, 1993) . As summarized by many researchers, a volume model developed by integrating a taper model often has the advantage of estimating total stem volume or volume at a specific height or diameter versus the limited estimating potential of a regressed volume model (Sharma and Oderwald, 2001) . When integration is possible, the taper and volume models are preferred in compatible models. The most important benefit of a compatible system is to obtain consistent results from both the volume and the taper equations. Comprehensive reviews of tapervolume estimating systems have been reported by Sharma and Oderwald (2001) , Corral-Rivas et al. (2007) , BarrioAnta et al. (2007) , and Pompa-Garcia et al. (2009) .
Compatible taper and volume equation systems do not have widespread use in Turkey. Some studies have been carried out to evaluate the suitability and applicability of previously published equations for simulating the stem taper of some tree species in Turkey (Yavuz and Saraçoğlu, 1997; Brooks et al., 2008; Sakıcı et al., 2008; Özçelik et al., 2011; Özçelik and Alkan, 2012; Özçelik and Brooks, 2012; Özçelik and Bal, 2013) . To our knowledge, there are no detailed publications on compatible stem taper and merchantable volume equations for the EG and EC plantations in the Eastern Mediterranean Region of Turkey.
The purpose of this study was to develop an equation of systems for estimating stem diameters and merchantable stem volume for the EG and EC plantations found in the Eastern Mediterranean Region of Turkey. For this aim, a second alternative was selected to develop a compatible merchantable stem volume and taper equation with the segmented-stem form factors presented by Fang et al. (2000) . The segmented taper models have been shown by several studies (Jiang et al., 2005; Diéguez-Aranda et al., 2006; Crecente-Campo et al., 2009; Li and Weiskittel, 2010) to provide reliable and accurate predictions for both diameters and tree volume (merchantable and total tree volume).
Materials and methods

Study sites
This study was carried out in Tarsus-Karabucak in the Eastern Mediterranean Region of Turkey, which represents a region with a high density of eucalyptus plantations. The summer growing season is hot and dry and winters are cool and wet. The area is 5-10 m above sea level and has a mean annual temperature of 18 °C. The mean annual rainfall is 609.5 mm and the area's main soils are deep alluvial with relatively rich organic materials. The main factor that limits distribution of eucalyptus species in Turkey is low temperature (Gürses et al., 1995) . We sampled parcels from 10 to 16 years of age belonging to the Forest Service of Turkey.
Data
The EG and the EC data consist of measurements on 190 and 149 individual trees, respectively, collected in the industrial plantations of the Eastern Mediterranean Region,. A previous inventory in the selected stands provided an overview of the diameter distribution, and the selected trees were then sampled to ensure a representative distribution by diameter and height class. Before felling the trees, diameter at breast height (dbh) at 1.30 m was measured using a digital caliper to the nearest 0.01 cm on each tree. After felling, total tree height was measured to the nearest 0.1 cm and then diameters along the upper tree boles were measured and recorded approximately every 1 m above breast height. The actual cubic meter volume for each stem section was calculated using Smalian's formula. The top section volume was estimated using the volume formula for a cone. The individual tree volume (above the stump) was then calculated from summing all of the sectional volumes.
The scatter plot of relative diameter (d/D) against relative height (h/H) was visually examined for each eucalyptus species to detect possible anomalies in the data. This systematic approach for detecting abnormal data points was adopted to increase efficiency (Bi, 2000) . A locally quadratic fitting with a smoothing parameter of 0.25 was used for both eucalyptus species after some iterative fitting and visual examination of the smoothed taper curves and the data (Figure 1 ). The number of these extreme data points accounted for 0.02% and 0.05% of the data for EG and EC, respectively. The paired data points of relative heights against relative diameters used for this study, together with the loess regression line, are shown in Figure 1 . Table 1 shows descriptive statistics of the data for both tree species. Max and Burkhart (1976) developed the first segmented model, for which the tree stem was divided into three sections represented by separate subfunctions, and then the segments were joined mathematically (Burkhart and Tome, 2012) . A number of additional studies involving segmented taper equations have been published (Clark et al., 1991; Petersson, 1999; Fang et al., 2000; Sharma and Burkhart, 2003; Jiang et al., 2005; Jordan et al., 2005) . The equation system of Fang et al. (2000) was used in this study because this model was superior to the other taper equation forms for simulating the stem taper and estimating stem volume in many studies in different countries (Diéguez-Aranda et al., 2006; Corral-Rivas et al., 2007; CrecenteCampo et al., 2009; Pompa-Garcia et al., 2009; SevillanoMarco et al., 2009; Li and Weiskittel, 2010) . The form of the Fang et al. (2000) taper model is
Stem taper and volume equation
( 1) where k = π/40,000
p 1 = h 1 /H and p 2 = h 2 /H (h 1 and h 2 are the heights from ground level where the two inflection points assumed in the model occur)
a i , b i , and p i are the parameters to be estimated.
The expression of merchantable volume model is
In order to test the possibility of combining both eucalyptus species and using a single taper equation and merchantable volume equation, an F-test (Bates and Watts, 1988; Judge et al. 1988 ) was used. The F-test requires the fitting of both reduced and full models. The full model incorporates different sets of parameters for the two species, whereas in the reduced model the same sets of parameters are used for both species (Xu, 2012) .
The test statistics for comparing the reduced and full models is an F-test:
where the error sum of squares for the full model is denoted as SSE F , its degrees of freedom is written as df F , the error sum of squares for the reduced model is denoted as SSE R , and its degrees of freedom is written as df R . Generally, the F-test is significant if the P-value for the test is less than α = 0.05.
Model performance criteria
To test model performance, the following evaluation statistics were used: the model's average bias (E), percent bias (%E), standard error of the estimate (SEE), percent of the standard error of the estimate (%SEE), and coefficient of determination (R 2 ). R 2 indicates how much variation in the dependent variable can be explained by the independent variables. Although there are several shortcomings associated with the use of R 2 in nonlinear regression, the general usefulness of some global measure of model adequacy appears to override some of those limitations (Ryan, 1997) ; nevertheless, it must not be used as the only criterion for selecting the best model (Myers, 1990) . These measures have been computed by the following equations:
where y i are the observed values, ŷ i are the values estimated by the model, y -is the mean of the observed values, n is the total number of data used for fitting the model, and p is the number of parameters which have to be estimated. The MODEL procedure in SAS (SAS Institute, 2013) was used for estimation of the nonlinear simultaneous taper and merchantable volume equation systems in which different parameter estimation methods are available. These parameter estimation methods are compatible systems that can be fitted by ordinary least squares estimation (OLS), generalized least squares (GLS) methods, seemingly unrelated regression (SUR), the generalized method of moments (GMM), and the maximum likelihood with full information estimation method (FIML). When equation errors have a multivariate normal distribution, FIML can be used to obtain efficient parameter estimates (Fang et al., 2000) . Since with our data the errors are almost normally distributed and the correlation between the error terms of the equations is not so high, the FIML method was selected for the estimation of parameters (e.g., Cov (ε d , ε Vm ) = 0.076 and 0.045 for EG and EC, respectively).
Assessment of the model performance with an independent data set would be the most desirable (Kozak and Kozak, 2003) . In case of difficulty acquiring an independent data set, different model validation techniques (cross-validation or double cross-validation) can be used. However, the results reported by Kozak and Kozak (2003) showed that these techniques provide little additional information in the process of evaluating a regression model over the fit of the model with the whole date set. Therefore, a model validation process was not applied for evaluation of model performance.
Results
Eqs. (1) and (2) were fitted to the data using MODEL in SAS. To obtain consistent parameter estimation based on the FIML method, the taper and merchantable volume equations were fitted simultaneously. All parameters were shared by both the taper and volume equations and all parameters were found to be significant at the 0.0001 level ( Table 2 ). The overall fit statistics (bias, bias%, SEE, SEE%, and R 2 ) were calculated and are presented for the entire merchantable stem in Table 3 . The average biases were negative for the taper model, which indicates that diameter was overestimated for both eucalyptus species. About 97% of the total variation in predicting upper stem diameters was explained by Fang et al. (2000) for both species. The estimated SEE is about 1.7 cm in predicting stem diameter for both species. Statistics of fit (bias, %bias, SEE, %SEE, and R 2 ) are presented in Table 3 for volume over bark. Eq. (2) explained more than 97% of the merchantable stem volume variability. The model had an average bias less than 0.07 m 3 for volume over bark. The model underestimated volume for both eucalyptus species. Moreover, the diameters and merchantable tree volumes of EG may be slightly better predicted than those of EC using Eqs. (1) and (2).
The inflection points for the Fang et al. (2000) model occur at 3.6% and 6.4% of the height of tree near the dbh, and at 45.6% and 71.0% of relative height of the bole for EG and EC, respectively (Table 2 ). These results suggest that a segmented model with two inflection points is more appropriate to describe the stems of eucalyptus species.
To evaluate the performance of the equation of systems, values for average bias, %bias, SEE, and %SEE were evaluated by dbh class (Table 4) , total height class (Table  5) , and relative height class (Table 6 ) for the prediction of stem diameters and merchantable volume estimations. As is known, larger trees possess more volume and value. However, it is possible to determine the predictive abilities for diameter and volume by overall fit statistics for different tree sizes. Therefore, to evaluate the models performance for different tree sizes, the models were further evaluated by dbh classes. Ten dbh classes were used for model evaluation. Average bias and SEE were calculated for diameter and merchantable stem volume prediction by dbh class (Table 4) . The model showed similar performances for all dbh classes in terms of fit statistics for both species (Table 4) . Based on the goodness of fit statistics values, the Fang et al. (2000) model was equally good in predicting stem diameter and merchantable volumes for different dbh classes and total height class for both species ( Table   Table 4 5). Average bias, %bias, SEE, and %SEE were calculated for each pair of equation systems by relative height class and were used to evaluate stem diameter and volume estimation for each species (Table 6 ). The equation systems of Fang et al. (2000) behaved well and did not show large prediction errors in any sections of the stem. There is no clear tendency from the baseline to the top, which indicates that the segmented-taper equation reasonably reflects the butt part as well as the top part of the tree stems for relative height classes. SEE ranged from 1 to 2 cm and 0.005 to 0.13 m 3 for the merchantable volume for both species (Table 6) . Another way to evaluate and compare the equations is to look at the graphics of the residuals (Heidarsson and Pukkala, 2011) . The box plots of diameter and merchantable volume residuals against the relative height classes of the Fang et al. (2000) model did not show any clear systematic bias for eucalyptus species. As a result of the plots, the error distribution along the stem is equal for the eucalyptus species (Figure 2) .
The Fang et al. (2000) model showed relatively big problems estimating diameter and merchantable volumes for the larger diameter classes than for the smaller trees (Figure 3 ). This trend found in some other studies as well (Diéguez-Aranda et al., 2006; Barrio-Anta et al. 2007; Schröder et al. 2014 ), a fact that could be considered worrisome as larger trees are more valuable (Schröder et al. 2014) . However, when considering prediction errors for diameter and merchantable volume percentage (%SEE), deviations tend to be more evenly distributed among diameter classes (Table 4 ; Figure 3 ). Similar results can be drawn from Figure 4 , which shows the bias formulated as diameter and merchantable volume residuals against height classes. While the error distribution along the stem is equal for the eucalyptus species for diameter estimations, the error distribution is not equal for volume predictions. The Fang et al. (2000) model had bigger problems estimating volumes for higher height class for the EG plantations than for the EC ones (Figure 4) . Figure 5 shows the predicted taper equations using fitted taper equations on a typical tree with average dbh and total height values for EG and EC. We found that the EG stands tended to have greater stem diameter estimates in the lower and middle sections of the tree stem compared with the EC stands. However, this difference was minimal.
The results of the F-test for differences between eucalyptus species are shown in Table 7 for the Fang et al. (2000) model. This result indicated that there were statistically significant differences among the taper equations. Therefore, separate volume and taper equations are needed for each species. The comparison in Figure 5 reveals the importance of developing separate taper equations for different species.
Discussion
In this study, systems of equations were developed for the economically important industrial eucalyptus plantations taking into account both practical and statistical considerations. The exponentially segmented compatible taper equation of Fang et al. (2000) was selected in this study. Several studies have shown that this equation can provide reliable and accurate estimations for both stem diameters and merchantable tree volume in different countries (Corral-Rivas et al., 2007; Crecente-Campo et al., 2009; Pompa-Garcia et al., 2009; Li and Weiskittel, 2010) . Moreover, the Fang et al. (2000) model has the merits of being a flexible and analytically integrable system that should provide very accurate estimates of stem volume for any stem segment, which is important in practical terms. To ensure numeric consistency, a simultaneous fitting procedure based on the FIML estimation method was used and all equation parameters were shaped by both taper and volume equations. The adjustment by FIML homogenizes and minimizes the standard error of the parameters and allows total compatibility of the taper and merchantable volume system (Borders, 1989) . The system proposed by Fang et al. (2000) exhibited good performance in predicting Özkurt (2000) . The inflection points for EG occur at 3.6% of the tree height near the dbh base and below the midpoint of the total tree height (45.6%), so that much of the volume is concentrated in one section of the conical structure, whereas there is only 42% in a cylindrical structure. The inflection points for EC based on Fang et al. (2000) are located at 6.4% and 70.0% of the tree height. Thus, of the three sections segmented by the two inflection points, the first is very short as a percentage of total height. These results are similar to those of previous studies. For example, Crecente-Campo et al. (2009) determined that the first inflection points for Pinus sylvestris L. in different regions of Spain ranged from 8% to 12% of the tree height and the second inflection points ranged from 20% to 71% of the total tree height. When considering the position of first and second inflection points, we can say that EG has a more cylindrical stem form than EC. On the other hand, when considering position of first inflection points for both eucalyptus species, we can say that the butt sections of EG have a slightly smaller variation than those of EC. The trends of error in estimating stem diameter and volume along the stem are more important in the lower half of the stem and especially in the butt section, where most of the volume and value is concentrated for saw timber sections of the bole. When evaluated in this respect, the lower half of the stem of EG has a more cylindrical stem form than that of EC.
The breast high form factors for the three segments as found by dividing the predicted form factors β i by k are 0.140, 0.394, and 0.407 for EG and 0.153, 0.407, and 0.395 for EC. The form factors for EG are smallest at the bottom, moderate in the middle, and largest at the top, while the form factors for EC are smallest at the bottom, largest in the middle, and moderate at the top. As indicated by Fang et al. (2000) , these form factors also compare almost remarkably to 0.250, 0.333, and 0.500 for a neiloid, cone, and paraboloid, respectively, which is consistent with the results obtained by Fang et al. (2000) and Pompa-Garcia et al. (2009) .
Based on the results of this study, it is recommended that the Fang et al. (2000) equation systems be considered operationally for practical forestry of eucalyptus tree species to estimate stem diameter and merchantable volume to a given height or diameter. In addition to providing better total volume predictions, the suggested model can also be utilized to estimate product volumes to any desired top diameter limit and can permit multiproduct volume prediction for the same tree, which is not possible with the existing total volume tables (Burkhart and Tome, 2012) .
Multicollinearity is one of problems when using regression analysis in empirical forest modeling. The presence of correlations among variables in the model has been examined using a condition number (CN). According to Belsey (1991) , in regression analysis, if the CN is in range of 30-100, then there are problems associated with collinearity, but this value is tolerated when models contain polynomial and cross-product terms. The equation systems of Fang et al. (2000) showed weak multicollinearity (Table  3) for both eucalyptus species. Kozak (1997) stated that multicollinearity does not seriously affect the predictive ability of the model.
There appears to be no statistical justification for combining the EG and EC species to form a single merchantable volume or taper equation. The results of the F-test revealed that EG and EC are different in shape and taper, which warrants the use of separate merchantable taper and stem volume equations.
With the equations systems used in this study, an option is given for plantation forest managers of the region to use a more efficient tool to calculate the distribution of timber and thus to determine the value and proper use of the raw material from forests in the forest products industries (Perez et al., 2013) .
